Chronic liver disease represents a major cause of morbidity and mortality worldwide. 1 Fibrosis is an intrinsic response to chronic persistent liver injury that results in a wound-healing process to mitigate the damage, but also can lead to scar formation. Liver fibrosis during its early stages is largely a silent process with no associated symptomatology making the diagnosis a significant clinical challenge relying mainly on an invasive liver biopsy. In addition, liver fibrosis can be stopped or reversed by removing the insult that triggered liver damage such as with the use of direct-acting antiviral agents directed to treat chronic hepatitis C virus (HCV) infection or bariatric surgery to induce significant and sustained weight loss in obese patients with nonalcoholic steatohepatitis (NASH). 2 Unfortunately, in many instances liver fibrosis progresses over time and results in the development of cirrhosis, where the normal liver parenchyma is replaced by scar tissue. This results in severe disruption of the liver architecture and vascular distortion, and is associated with complications including portal hypertension, liver failure, and hepatocellular carcinoma, with liver transplantation as the only curative therapeutic option. Indeed, NASH has become increasingly common worldwide over the last decade, demonstrating the greatest increase as the cause of chronic liver disease among new liver transplant waitlist registrations-with a twofold increase in registrants in 2013 -to become the second leading etiology of liver disease. 3, 4 Dissecting the cellular and molecular mechanisms involved in the development and progression of fibrosis is an area of intense research interest and may result in the identification of novel antifibrotic approaches that would significantly aid in decreasing the global burden of liver disease.
sources have been identified in both human and experimental studies that play an important role in the development of liver fibrosis, where the hepatic myofibroblasts are the most downstream cellular effectors of liver fibrosis, responsible for extracellular matrix deposition and scar formation, representing the activated hepatic stellate cell (HSC) as the main cell type involved in this process. Other cells include endogenous portal fibroblasts, myofibroblasts derived from liver parenchymal cells undergoing epithelial-mesenchymal transition, and to a lesser extent, bone marrow-derived fibrocytes. 5 Although the relative contribution of different sources of cells to the myofibroblast pool have been suggested to be determined by the different etiology of liver fibrosis, recent elegant fate tracing studies have revealed HSCs as the dominant fibrogenic effectors, independent of the etiology of the liver damage. 6 Additionally, there are several other key cell types that play crucial roles during liver fibrosis development, which act upstream of HSCs by modulating their phenotype. In the context of chronic inflammatory-driven liver diseases such as NASH, two central additional cellular elements include the hepatocytes and innate immune cells, in particular macrophages and neutrophils. In the following section, we will focus on the importance of the crosstalk between these cell types that are tightly linked to the fibrogenic process.
Cell Death and Sterile Inflammation
Excessive hepatocyte cell death by apoptosis, necrosis, as well as other forms of cell death, in particular pyroptosis (discussed in the section below), represent strong triggers of HSC activation, fibrogenesis, and fibrosis. 7 For instance, the attenuation of hepatocyte cell death also reduces HSC activation and scar formation in animal models of NASH and cholestasis, 8, 9 while hepatocyte-specific genetic disruption of the antiapoptotic member of the Bcl-2 family Bcl-xL results in hepatocyte apoptosis and liver fibrotic responses. In humans with NASH, the extent of hepatocyte cell death strongly correlates with the severity of liver fibrosis. 10 Various groups have explored the mechanisms linking hepatocyte cell death to fibrosis with early studies demonstrating that HSCs are capable of engulfing apoptotic bodies and this process stimulates their fibrogenic activity at least in part, via induction of the activation of reduced nicotinamide adenine dinucleotide phosphate oxidase 2, the phagocytic NADPH oxidase, in HSCs. 11 Additionally, recent data have uncovered that dying hepatocytes release stressed signals also called danger signals, that trigger activation of a sterile (i.e., in the absence of infection) inflammatory response in cells of the innate immune system that induces further damage on neighboring hepatocytes and initiates a crosstalk with HSCs resulting in their activation. Moreover, these danger signals may also act directly on HSCs as modulators of their phenotype, as suggested by evidence that DNA released from apoptotic hepatocytes may act as an important mediator of HSC activation and differentiation resulting in the upregulation of transforming growth factor β1 and collagen 1 messenger RNA in a process dependent on interaction with Toll-like receptor 9 in HSCs. 12 In the context of NASH, lipotoxicity, a process by which buildup of toxic lipids inside hepatocytes activates pathways of cell death, may result in the formation and release of extracellular vesicles that are efficiently internalized by HSCs, resulting in their activation in a process mediated by the shuttle of microRNAs and the suppression of peroxisome proliferator-activated receptor-γ expression in HSCs. 13 Putting together these studies support the novel concept that hepatocyte cell death with the release of extracellular danger signals and the activation of sterile inflammatory pathways can initiate an intrahepatic, self-perpetuating noxious loop central to the development of liver fibrosis. In the section below, we will introduce inflammasomes as novel key components of this loop.
Inflammasomes and Downstream Effectors
The inflammasomes are multiprotein complexes that control the activation of the proinflammatory caspase-1. Based in their structural domains, the main family of proteins described to form inflammasomes is the nucleotide-binding domain and leucine-rich repeat containing receptors (NLRs). Depending on the N-terminal domain, NLRs are divided into NOD-like receptor family, pyrin domain, containing protein 3 (NLRP) if it contains a pyrin domain (PYD) or NOD-like receptor family, CARD domain, containing protein 4 (NLRC) if it contains a caspase activation and recruitment domain (CARD). 14 Additionally, other proteins with PYD or CARD domains also form functional inflammasomes, such as interferon-inducible protein 16, absent in melanoma-2, retinoic acid-inducible gene I and pyrin. 15 The best characterized member of the NLR family is the NLRP3, which is a critical regulator of the innate immune response against a wide variety of triggers, including pathogens and sterile insults, suggesting that NLRP3 is a general sensor for tissue stress or damage. 16 After activation, NLRP3 oligomerizes and recruits the adaptor protein apoptosis speck-like protein with a CARD domain (ASC), that initiates a prion-like oligomerization process with other ASC monomers, which is essential for the final structural conformation of the inflammasome. 17, 18 Finally, procaspase-1 is recruited and activated within the inflammasome aggregate. 19 Multiple intracellular signaling pathways have been proposed to activate the NLRP3 inflammasome. Nevertheless, although the rise of cytosolic Ca 2þ , the generation of mitochondrialderived reactive oxygen species (ROS), and the activity of lysosomal proteases are important to activate the NLRP3 inflammasome, 20-22 the decrease of intracellular K þ concentration appears to be a key common mechanism. [23] [24] [25] Microbial pore-forming toxins induce a strong intracellular K þ depletion leading to NLRP3 activation; however, a decrease of intracellular K þ also occurs after sterile damage sensing, that is after P2X7 receptor activation by extracellular adenosine triphosphate (ATP), 26 after a decrease of extracellular osmolarity, 27 or after activation by different metabolic lipids. 9 However, molecules such as imiquimod and its derivatives do not deplete intracellular K þ , but induce a robust NLRP3 inflammasome activation via the generation of mitochondrial-derived ROS. 28 
IL-1β and Other Cytokines
Interleukin-(IL-) 1β is the most studied member of the IL-1 family of cytokines produced after inflammasome activation; it is an important proinflammatory cytokine with diverse biological activities and is implicated in multiple diseases. 29 Pro-IL-1β protein lacks a signal peptide and does not follow the classical endoplasmic reticulum-Golgi route of secretion, 30, 31 instead, it requires its posttranslational processing by the protease caspase-1 to release its mature form. 32 Inflammasomes tightly control the activation of caspase-1, and hence the processing and secretion of bioactive IL-1β. 15 Mature IL-1β is released by unconventional protein secretion mechanisms that include microparticle shedding or release through pyroptotic hyperpermeable membranes (see below). 33-36 IL-18 is another member of the IL-1 family that is also synthesized as an inactive precursor lacking a classical signal peptide and requiring caspase-1 posttranslational processing to release the mature form from the cell. 29 Both IL-1β and IL-18 are classical cytokines driving inflammation after inflammasome activation by binding to their respective receptors. IL-1β through engagement of IL-1R type I and IL-18 through IL-18R, both activate NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) signaling and induce a dedicated proinflammatory gene expression program in the target cell. 29 Beyond caspase-1 substrates pro-IL-1β and pro-IL-18, caspase-1 also controls the unconventional release of other proteins from the cell that are not direct substrates of this protease, including IL-1α and a specific set of intracellular proteins known as the caspase-1 secretome. [37] [38] [39] The secretome associated with caspase-1 is mainly composed of proteins with an intracellular function, such as galectins or cystatins; however, under certain conditions these proteins could also demonstrate an extracellular function. Among them, we could highlight the nuclear protein high-mobility group box 1 (HMGB1), a protein with histone-binding properties that controls gene expression in the nucleus. 37, 38 The extracellular presence of these proteins is sensed as danger signals by the immune system because they are not in their right place": For example, extracellular HMGB1 engages the advanced glycation end-product-specific receptor in conjunction with Toll-like receptors (TLR) to induce an inflammatory response. 40 So inflammasome signaling goes beyond the release of proinflammatory IL-1β to other cytokines and intracellular proteins that amplify the danger signaling beyond the initial injury site.
Pyroptosis
Activation of caspase-1 by inflammasomes as well as activation of caspase-4, and its mouse orthologue caspase-11, by intracellular lipopolysaccharide induces a novel programmed type of cell death characterized by cell swelling, hyperpermeabilization of the plasma membrane, rapid cell lysis, and the consecutive release of cytoplasmic content. This type of cell death, termed "pyroptosis," is intrinsically proinflammatory because it is associated with the release of IL-1β and other intracellular content. 41 Pyroptosis was initially characterized in macrophages infected with Salmonella, a stimulus-inducing caspase-1 activation via the NLRC4 inflammasome. Later, it was described that pyroptotic cell death is driven by any pathway activating either caspase-1 or 4. [41] [42] [43] The molecular mechanism involved in pyroptosis has been recently described as dependent on gasdermin-D cleavage by these caspases. 35, 44, 45 After caspase processing of gasdermin-D, its N-terminal peptide fragment binds to the inner leaflet lipids of the plasma membrane and oligomerizes within the membrane to form pores with an internal diameter of 10 to 15 nm. 35, 46, 47 Gasdermin-D pores are the executors of pyroptosis, and by size they could allow the release of mature IL-1β; however, the specific permeability of gasdermin-D pores is not actually known. Furthermore, the gasdermin-D N-terminal fragment is released from pyroptotic cells into the extracellular milieu, where it exhibits bactericidal activity acting as an antimicrobial peptide. 35 Gasdermin-D N-terminal does not disrupt the plasma membrane of viable mammalian cells from the outside due to its lipid-binding specificity, and therefore does not harm neighboring cells. 35 The gasdermin family of proteins is composed of four members in the human genome that codify for gasdermin-A to D; although gasdermin-A, B, and C lack a conserved caspase cleavage site, the expression of their N-terminal fragment is able to induce pyroptosis. Therefore, pyroptosis could be renamed as the specific cell death triggered by gasdermin pores, independently of the protease that could cleave gasdermin, and not as a specific type of cell death driven exclusively by caspase-1 or 4. 47
Extracellular Inflammasomes
Pyroptosis also induces the release of large protein complexes; this observation was initially described by Gabel's group. They found in the supernatants of hypotonic-treated macrophages a precipitable fraction of macromolecules. 48 In fact, inflammasome oligomers, mainly formed by the adaptor protein ASC, are released from the macrophages upon caspase-1 activation. 49, 50 The release of inflammasome particles is dependent on pyroptotic cell death and is a mechanism to spread inflammasome signaling to adjacent cells. Extracellular inflammasomes activate procaspase-1 in cell-free environments because high concentrations of procaspase-1 are present in the extracellular milieu. Also, extracellular inflammasomes are internalized by macrophages where they could activate caspase-1. 49, 50 In vivo, a fraction of the formed inflammasomes is found in the interstitial fluid and macrophages release inflammasomes in the lymph node after viral infection. 51, 52 In different human pathologies, circulating inflammasome particles are found in the serum of cryopyrinassociated periodic syndromes (CAPS) during an inflammatory flare and in the bronchioalveolar lavage of chronic obstructive pulmonary disease patients. 49, 50 This new concept of inflammasome propagation opens new avenues to spread not only inflammation, but also pyroptosis from cell to cell.
The Role of Inflammasomes as Novel Modulators of Liver Fibrosis
Growing evidence supports a central role of inflammasomes and their downstream effectors in liver fibrosis development (►Fig. 1). The expression levels of inflammasomes increase during experimental liver fibrosis including NLRP-1, NLRP-3, and AIM2 and are prominently expressed in Kupffer cells and moderately expressed in HSCs. 53 Isolated persistent activation of the NLRP3 inflammasome in mice results in severe liver inflammation, fibrosis, and hepatocyte pyroptotic cell death. 54 In murine models of NASH, NLRP3 activation is required for the fibrotic response, suggesting that targeting this complex may be a rational strategy to block or reverse the development of fibrotic NASH. 55 Among the various cytokines participating in chronic hepatic inflammation, IL-1β has been the one most extensively studied in liver fibrotic diseases, 56 as well as in various others organs such as the lung 57,58 and kidney. 59 In vitro studies have shown that IL-1β promotes the proliferation and transdifferentiation of HSCs 60,61 with a substantial increase in levels of their fibrogenic markers, including metalloproteinases, 62,63 tissue inhibitor of metalloproteinases-1, collagen-1α1, and trans-forming growth factor-β (TGF-β), and a decrease in the expression of Bambi (a negative regulator of TGF-β signaling). 64 In vivo studies using global IL-1β or IL-1 receptor type I (IL-1RI) knockout mice have demonstrated that the IL-1 pathway deficiency protects against the progression of steatosis to steatohepatitis and liver fibrosis in both human-disease relevant murine models of NASH and alcoholic steatohepatitis. 65 Similarly, these mice have also shown to be protective against various commonly used experimental models of liver fibrosis including the intraperitoneal injection of thioacetamide and bile duct ligation (BDL). 66, 67 Furthermore, IL1-R antagonist (IL-1Ra) knockout mice fed with atherogenic diet developed severe NASH and fibrosis with high levels of IL-1β and TGF-β in the liver. 56 Thus, significant evidence point toward the IL-1 pathway as an important mediator of the transition from liver injury to the onset of liver fibrogenesis and fibrosis. Fig. 1 The Role of the NLRP3 Inflammasome in Liver Fibrosis. Hepatocyte injury, induced by various deleterious agents, results in the release of damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns, which could trigger NF-κB-mediated upregulation of NLRP3 inflammasome components. The presence of other cellular insults like ROS, oxidized mitochondrial DNA, lipid overloading, and/or P2X7 pathway (with K þ efflux) may induce the activation of the NLRP3 inflammasome, thereby promoting hepatocyte pyroptotic cell death and releasing additional danger signals like IL-1β/IL-18 or inflammasome particles. These events could take place likewise in nonparenchymal cells, like HSCs and liver macrophages, giving rise to an important crosstalk between all liver cellular types for the onset and progression of liver fibrosis. The cytokines and DAMPs generated by inflammasome activation will bind to receptors located on the HSCs and induce the upregulation of fibrotic markers, resulting in their activation that leads to liver fibrosis. ASC, adaptor protein apoptosis speck-like protein with a CARD domain; ATP, adenosine triphosphate; DAMPS, damage-associated molecular patterns; HSC, hepatic stellate cell; IL, interleukin; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; PAMPS, pathogen-associated molecular patterns; ROS, reactive oxygen species; TLR, Toll-like receptor.
Similar to the findings using global IL-1 deficient mice, studies using mice genetically deficient in any of the three components of the NLRP3 Inflammasome: caspase 1, NLRP3, or ASC have also demonstrated a protective effect on fibrosis development. Indeed, global caspase-1 knockout mice are also protected from high-fat-diet-induced hepatic inflammation, and fibrogenesis, 68 while in a model associated with severe fibrotic NASH, caspase-1 deficiency also protects from fibrosis development. 69 In this study, the selective depletion of Kupffer cells potently suppressed methionine and choline deficiency-induced caspase-1 activation and consequent fibrosis development. Wild-type mice on a choline-deficient, amino acid-defned (CDAA) diet showed increased hepatic caspase-1 activity and liver fibrosis that were not observed in TLR2 knockout mice. 70 More recently, using both global NLRP3 deficient mice and transgenic mice with constitutively global activation of NLRP3 we found that the former are protected from CDAA-induced NASH and fibrosis while the latter showed exacerbation of liver injury with a fibrotic phenotype when placed on a short-term CDAA feeding. 55 The limitations of these studies include the use of global knockouts that does not allow to dissect the tissue / cell-specific role of inflammasome / IL-1 pathway activation as well as a lack of mechanistic information on whether the protection from liver fibrosis development is related to direct antifibrotic effects or indirect effects as a consequence of suppression of inflammation and cell death. In this regard, an early study from Mehal's group demonstrated that both primary murine HSCs as well as LX-2 cells, an immortalized human stellate cell line, express all components of the NLRP3 inflammasome and its activation using monosodium urate crystals, a potent signal two inflammasome activator, results in a phenotypic switch from quiescent to myofibroblast collagen-producing cells. 71 Moreover, these changes were abrogated in HSCs isolated from ASC-deficient mice, suggesting the inflammasome activation in HSC might be sufficient to induce a fibrogenic response. To test this hypothesis in vivo, we recently developed HSC-specific NLRP3 knock-in (Nlrp3KI lecithin retinol acyltransferase Cre [CreLT]) mice by crossing mice expressing a mutational ortholog to D303N in human NLRP3, resulting in hyperactive NLRP3 on C57BL/6 background to C57BL/6-LRAT-CreLT mice allowing for efficient, selective expression of the NLRP3 mutation in HSCs. 72 Nlrp3KI CreLT and wild-type littermates were maintained on a regular chow, low-fat diet for 6 and 9 months. We found that NLRP3 inflammasome activation in HSCs resulted in a marked increase in the number of α smooth muscle (a-SMA) positive cells, a key marker of activated HSCs with a perisinusoidal / pericellular distribution in the livers; this was associated with the spontaneous development of liver fibrosis. Thus, these data strongly support the concept that the NLRP3 inflammasome plays a direct role in liver fibrotic responses with significant implications related to the development of novel strategies for the treatment of liver fibrosis.
The association of NLRP3 inflammasome / IL-1β pathway to liver damage and fibrosis has been recently explored in human studies that revealed that the various components of the NLRP3 inflammasome as well as IL-1β levels in the livers are elevated in both patients with chronic HCV infection 73 and those with NASH, 55, 74 whereas the levels correlated with markers of fibrogenesis and HSCs transdifferentiation into a myofibroblast phenotype, such as cysteine-and glycine-rich protein 2 (CRP2), α-SMA, collagen-1α1, and TIMP1. Other important activators of the NLRP3 inflammasome that contribute to chronic liver disease are ROS. In biopsies from patients with liver fibrosis, elevated levels of NLRP3 and NOX4 (a generator of ROS) in α-SMA-positive cells were found. An increased NOX4 expression and ROS production in hepatic stellate cells result in the activation of the NLRP3 inflammasome and HSC activation with increased collagen production. Furthermore, treatment with antioxidants inhibited NLRP3 inflammasome activation and collagen synthesis in the liver. 75 In addition, we have recently demonstrated that serum levels of caspase 1 activity strongly correlated with the severity of fibrosis on liver biopsy in a large cohort of patients with NASH. 76 Translational studies to further explore the contribution of inflammasomes to liver fibrosis in patients with various chronic liver disorders are warranted.
Therapeutic Implications
Given the growing evidence for a role of NLRP3 inflammasome in liver injury and fibrosis, several studies have started to test the potential role of pharmacological modulation of this pathway as an antifibrotic therapy. The therapeutic strategy to reduce NLRP3 inflammasome activity can be separated in compounds that affect NLRP3 inflammasome assembly and activation, caspase-1 activation, and IL-1 or IL-18 pathways. 77 Interference with the IL-1 signaling pathway is the beststudied therapy to ameliorate NLRP3 activation because it is an approved therapy for autoinflammatory syndromes, including CAPS syndromes. Anti-IL-1 therapies are based on a recombinant IL-1 receptor antagonist (anakinra), humanized monoclonal anti-IL-1β antibodies (canakinumab), or an IL-1 trap produced by recombinant IL-1R (rilonacept). IL-1 receptor antagonist ameliorates inflammasome-dependent ASH in mice. 78 Based on these results, a phase 2 study was initiated to test the efficacy of anakinra (plus pentoxifylline and zinc sulfate) compared with methylprednisolone in severe acute alcoholic hepatitis. 79 Anakinra administration in various models of liver fibrosis 80-82 also resulted in an ameliorated hepatocellular damage and deposition of matrix components, and a substantial decrease of HSC activation and serum levels of fibrosis markers, such as procollagen III N-terminal propeptide. However, liver fibrosis was only partially reverted by administration of anakinra in other murine models, such as BDL-induced liver fibrosis 61 and global hyperactivation of inflammasome. 54 Programmed cell death, the hallmark of NASH that contributes to liver injury and fibrosis, is executed by numerous caspases. As outlined above, several studies provide strong evidence that treatment with pan-caspase inhibitors reduce liver injury and fibrosis in murine models of NASH as well as in patients. 83 P2X7 belongs to purinergic receptor family that is activated by high concentrations of extracellular ATP, and its activation is a strong trigger of the NLRP3 inflammasome. 7, 86, 87 The administration of a specific inhibitor of P2X7 (A438079) to mice in a CCl 4 -induced liver fibrosis, substantially attenuated hepatocyte death and inflammatory infiltration, and showed a reduced expression of proinflammatory cytokines and activation of fibrogenic factors that become apparent in a reduced deposition of collagen in the liver. 88 The ligands of all these sensors are also increased, including ATP, HMGB1, uric acid, or lipopolysaccharide (LPS), in NASH and ASH models 89, 90 and their depletion attenuate the progression of the liver diseases and inflammasome activation and the secretion of its major downstream cytokine, IL-1β. 90 To date, only very few drugs have been described targeting the inflammasome directly and no study has evaluated the applicability and efficacy of an inflammasome blockade in models of NASH. Pfizer was pioneering developing IL-1β-release inhibitory drugs and developed CRID3-a member of the class of diarylsulfonylurea containing compounds called cytokine release inhibitory drugs (CRIDs). 48, 91 Recently, CRID3 was renamed to MCC950, and was found to be a potent, selective, smallmolecule inhibitor of NLRP3 inflammasome activation. MCC950 blocked canonical and noncanonical NLRP3 activation at nanomolar concentrations. 92 MCC950 specifically inhibited activation of NLRP3, but not the AIM2, NLRC4, or NLRP1 inflammasomes. MCC950 reduced IL-1β production in vivo and attenuated the severity of experimental autoimmune encephalomyelitis, a disease model of multiple sclerosis, and models of dermal and pulmonary inflammation. 92, 93 Furthermore, MCC950 treatment rescued neonatal lethality in a mouse model of CAPS and was active in ex vivo samples from individuals with Muckle-Wells syndrome. 92 A recent study from our group using two murine models of NASH suggested that MCC950 is a potential novel therapy for fibrosis associated with this disease. 94 Future studies are warranted to decipher the role of targeting cytosolic receptors as antifibrotic treatment.
Future Perspectives
In summary, in recent years we have gained significant insights into the central role of inflammation and cell death during the development of liver fibrosis. Inflammasomes are key modulators and translators of these processes when the liver is exposed to a variety of danger signals inducing the activation of proinflammatory caspase 1, and the release of IL-1β and IL-18, as well as trigger pyroptotic cell death. These processes can initiate and perpetuate an abnormal woundhealing response with the principle cellular target being the activation of HSCs. Although a basic understanding of HSC activation now exists, precise biological mechanisms for translational and therapeutic benefit are unclear. As a result, effective treatments to prevent or reverse hepatic fibrosis have not yet been developed. The growing evidence from various studies that have uncovered a novel role of the NLRP3 inflammasome as a modulator of HSC biology and fibrosis suggest this pathway may represent an attractive target for antifibrotic therapies. In addition, they point at exciting new areas to further explore basic molecular and cellular mechanisms involved in fibrogenesis and liver fibrosis development. 
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